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INTRODUCTION
Plant root systems are tempting targets for potential improvement of plant growth and crop productivity (Godfray et al., 2010) . In general, most dicotyledonous plant species, such as the model species Arabidopsis thaliana, have a regularly branched primary root (PR) with several levels of lateral roots (LRs); this differs from the roots of rice (Oryza sativa L.) and other monocotyledonous cereal crops, in which the root system consists mainly of adventitious roots (ARs), from which LRs regularly branch (Osmont et al., 2007) . In both dicots and monocots, LRs are an essential component of root system architecture that function in nutrient uptake and in plant-environment interactions (Varney and Canny, 1993; Coudert et al., 2010) , because LRs are typically more sensitive to changes in the availability of nutrients in the environment than PRs (Gruber et al., 2013; Tian et al., 2014) . LRs maximize the ability of the root system to acquire nutrients, therefore enabling the plant to adapt readily to changes in the environment (Ariel et al., 2010; Hao et al., 2011; Dash et al., 2017) .
It is well known that auxin plays important roles in plant root development (Lavenus et al., 2013) . Auxin signalling starts with auxin-dependent formation of the SCF TIR1 -IAA/ auxin (Aux/IAA) complex, resulting in degradation of Aux/ IAAs, which de-represses auxin response factors (ARFs) from the repressive complex to directly activate or repress the expression of downstream target genes (Kazan, 2013) . Endogenous auxin biosynthesis, polar auxin transport, and auxin degradation/conjugation change auxin accumulation and auxin-dependent signalling, which impacts LR formation (Petricka et al., 2012; Lavenus et al., 2013) , and mutations in genes involved in these processes significantly affect LR development (Fukaki and Tasaka, 2009; Peret et al., 2009) . The Arabidopsis gain-of-function mutants yucca1-D, sur1, and sur2 showed an increase in endogenous auxin levels as well as LR number (Zhao et al., 2001; Peret et al., 2009) . Furthermore, Arabidopsis mutants with altered auxin transport, such as aux1, lax3, pin1, pin 3/7, pin 4/7 and their combinations, have a reduced LR number (Benkova et al., 2003; Peret et al., 2009) . The rice osaux1 mutant has a reduced number of LRs, accompanied by decreased endogenous auxin levels (Zhao et al., 2015) . In addition, data from molecular genetics and biochemical studies on Aux/IAAs or ARFs strongly support the notion that auxin acts by promoting degradation of Aux/IAAs transcription regulators, and releases ARFs (Tiwari et al., 2001; Tan et al., 2007) , which promote LR proliferation (Peret et al., 2009; Jing et al., 2015) . A series of Arabidopsis gainof-function Aux/IAA mutants, such as iaa1, iaa3, iaa14, iaa18, and iaa28 (Peret et al., 2009) , and osiaa11, osiaa13, and osiaa23 from rice, showed aberrant LRs, reduced LR number, or even complete absence of LR formation (Ni et al., 2011; Kitomi et al., 2012; Zhu et al., 2012) . Accordingly, ARF mutants, such as the arf7arf19 double mutant and mir160-resistant mutants, showed no LR formation, and mutations in several other ARFs such as ARF10, ARF16, or ARF17 identified by reverse-genetic screens have been found to have reduced LR numbers (Peret et al., 2009) .
The MADS-box transcription factor family controls diverse aspects of plant development such as floral meristem development and the transition to flowering phase (Menzel et al., 1996; Han et al., 2008) , organ identity determination, as well as development and ripening of fruits Wang et al., 2014) . Some MADS-box transcription factors may have specific functions because they are expressed preferentially or specifically in specific organs and tissues (Parenicova et al., 2003; Arora et al., 2007) . There are at least 107 MADS-box members in Arabidopsis, and more than 50 are found to show expression in the roots (Parenicova et al., 2003) . However, little information is known about how these MADS-box proteins function in root development. Previous reports have shown that XAL1/AGL12 and XAL2/AGL14 are involved in the regulation of PR elongation (Tapia-Lopez et al., 2008; Garay-Arroyo et al., 2013) . The AGL17-like genes AGL16, AGL17, AGL21, and AGL44/ANR1 are preferentially expressed in roots, implying their involvement in root system development (Alvarez-Buylla et al., 2000; Burgeff et al., 2002; Parenicova et al., 2003) . ANR1 controls meristematic activity in LR tips and plays a role in LR development in the presence of NO 3 À (Zhang and Forde, 1998; Gan et al., 2012) , and AGL21 controls LR development by regulating auxin accumulation in LRs, especially under NO 3 À -deficient conditions . AGL17 is not only required for normal root meristem behaviour regardless of nutrient availability, but also functions in floral induction (Fonseca et al., 2007; Han et al., 2008) . Based on studies of MADS-box family members (Mandel et al., 1992; Liljegren et al., 2000) , the expression profiles of AGL17-like genes are good indicators of where these genes function.
Seventy-five MADS-box gene family members have been detected in the rice genome, and over half of these are expressed in roots (Arora et al., 2007) . However, the roles played by these MADS-box family members in root development have not been well characterized. In rice, the AGL17-like homologues OsMADS23, OsMADS25, OsMADS27, and OsMADS57 are preferentially expressed in the central cylinder of the root (Arora et al., 2007; Puig et al., 2013) , suggesting that they could play a role in root system development. Recently, OsMADS25 was reported to regulate rice PR and LR development in a nitrate-dependent manner (Yu et al., 2015) . Despite recent progress, the regulation of root development by OsMADS25 is still poorly understood.
In this study, we aimed to investigate the possible mechanism(s) underlying OsMADS25 regulation of root development in rice. Our results showed that OsMADS25 overexpression significantly increased PR length and LR density in rice, while RNAi gene knockdown reduced both PR length and LR density. More importantly, our results demonstrated that OsMADS25 controls root system development via auxin signalling by directly repressing the OsAux/IAA transcriptional repressor OsIAA14. Elevated auxin levels and reduced OsIAA14 transcription might facilitate eventual protein degradation via the 26S proteasome, and ultimately activate auxin signalling.
RESULTS

OsMADS25 is preferentially expressed in the root and is responsive to multiple external signals
To gain more insight into the functions of OsMADS25 in plant development, we examined the spatial and temporal transcription patterns of OsMADS25. OsMADS25 mRNA accumulates to the highest levels in the roots, and at the seedling, tillering, and heading stages, respectively. Very low levels of OsMADS25-specific mRNA were detected in the shoot, leaf sheath, stem, inflorescence and other organs ( Figure S1a ). These findings imply that OsMADS25 could be involved in root system development in rice. Phylogenetic analysis placed OsMADS25 in the AGL17-like clade ( Figure S2 ), which also supports this notion.
The architecture of the root system responds to environmental cues, and this plays a fundamental role in the adaption to a diverse group of abiotic stresses. Phytohormones regulate many aspects of development and the stress responses in plants. We therefore examined how expression of OsMADS25 is regulated by hormones and abiotic stress in the root. Different responses of OsMADS25 to the hormones IAA and abscisic acid (ABA) were observed, and the OsMADS25 mRNA levels were strongly induced by IAA, which is involved in various developmental events, but expression was repressed by ABA, which acts to regulate gene expression in response to osmotic stress . A significant increase in OsMADS25 transcription was observed when rice seedlings were transferred to abiotic stress conditions such as polyethylene glycol (PEG), NaCl, or mannitol ( Figure S1b ,e,f), implying its general role in osmotic stress. Overall, the expression patterns of OsMADS25 indicated that it may control root growth and development in response to abiotic stresses in rice.
OsMADS25 regulates root development in response to NO 3 À In our study, independent transgenic lines including nine OsMADS25-overexpression and 12 RNAi gene silencing lines were developed. Most of the RNAi lines in which OsMADS25 mRNA levels were down-regulated showed root growth inhibition, whereas the majority of OsMADS25 overexpression lines exhibited growth promotion on halfstrength Murashige and Skoog (½MS) agar medium (Figure S3) . Root systems in both the OsMADS25-overexpression and -RNAi transgenic lines showed substantial changes compared with the wild type controls after 7 days of growth (Figure 1a, b) . We found that shoot length, PR length, LR number and density, and average AR length in overexpression plants were significantly increased compared with wild type; however these traits were reduced significantly in the RNAi plants (Figure 1c-g ). No significant difference in AR number per plant was observed between the transgenic lines and wild type (Figure 1h ). Although the LR length was not measured, it was clearly enhanced in the plants that overexpressed OsMADS25, whereas it was reduced in the RNAi lines compared with the wild type ( Figure 1i ). As expected, plants that overexpressed OsMADS25 still showed better root system development than the wild type after 14 days of growth, while the RNAi plants showed clear defects in root development, especially in the LRs ( Figure S4 ). Additionally, we also found that root hair density was clearly enhanced in the roots of overexpression plants, but was reduced in the RNAi lines compared with the wild type (Figure 1j ). This finding indicates that OsMADS25 plays an important role in the regulation of root development in rice.
It has been reported that OsMADS25 regulates PR elongation and LR formation under NO 3 À -rich conditions, but there were no significant differences found between the wild type and transgenic lines on NO 3 À -free medium (Yu et al., 2015) . Furthermore, we examined the expression of OsMADS25 in response to different NO 3 À conditions. The levels of OsMADS25-specific mRNA were significantly enhanced by NO 3 À supply, but were slightly repressed by NO 3 À starvation ( Figure S5 ). We also investigated root performance in the OsMADS25 transgenic lines grown under N-free conditions on days 7 and 14, respectively. Root system growth rates were significantly different between the transgenic lines and wild type (Figure 2a,b) . Also, root system architecture (RSA) showed better development in the OsMADS25-overexpressing lines than that in the wild type, with much greater LR numbers and higher density, whereas the RNAi lines produced fewer LRs than the wild type (Figure 2e ,f). The difference in PR length between the transgenic lines and wild type was significant on day 7, but diminished on day 14 (Figure 2d ). Shoot length was greatly reduced in RNAi plants but increased in the overexpression lines compared with wild type counterparts in N-free medium (Figures 2c and S6 ), which might be due to the coordinated effects of a more well developed root system. Although AR numbers were not affected, the average AR length changed significantly by up-or down-regulation of OsMADS25 under N-free conditions ( Figure S7 ). Also, the LRs in OsMADS25-overexpressing plants were clearly longer compared with wild type LRs, but they were shorter in RNAi lines (Figure 2b ). (i) Enlarged region in the box in (a). (j) Root hair in the mature zone of the root tip observed by a scanning electron microscope. Scale bars = 100 lm. For morphological analysis, germinated seeds were grown on ½MS agar for 7 days. For root hair observation, seeds were grown on ½MS agar plates vertically for 3 days, and root hair was observed by Hitachi SU3500 scanning electron microscope with a À40°C cool stage. Asterisks indicate significant differences between the OsMADS25-overexpression or -RNAi transgenic lines and the WT plants (t-test, P < 0.05). PR, primary root; LR, lateral root; AR, adventitious root.
( Figure 4a ,b). After 14 days of growth, PR length in wild type, OsMADS25-overexpressing, and -RNAi plants on Nfree medium increased by 10.2, 0.85 and 29.4%, whereas LR density decreased by 27.1, 20.3 and 34.5%, respectively, compared with N-rich conditions (Figure 4a ,b). The relative decrease in LR density in RNAi plants was higher than in the wild type and overexpression plants, which implies that RNAi plants are less adaptable to NO 3 À deficiency.
The process of LR development covers initiation, emergence, and elongation chronologically (Laskowski et al., 1995; Marchant et al., 2002) . Our results implied that OsMADS25 controls LR formation of different stages in response to NO 3 À ( Figure 4c ).
Auxin can rescue the phenotype of OsMADS25-RNAi plants
Auxin is well known to promote LR formation (Lavenus et al., 2013) . To determine whether OsMADS25 controls LR development by altering root auxin levels, seedlings of different rice genotypes grown on medium with or without 10 nM NAA for 7 days were used to investigate root traits including PR length, LR number, and LR density. In the absence of exogenous NAA, PR length was greatly increased in OsMADS25-overexpressing plants, and it was reduced in RNAi plants (Figure 5a -c). However, after adding NAA, the differences in PR length between the OsMADS25-overexpressing or -RNAi plants compared with wild type were diminished (Figure 5a c). In the absence of NAA, OsMADS25-overexpressing plants developed significantly more LRs, whereas the number of LRs in the RNAi plants was reduced compared with the wild type, either on the PR or the ARs (Figure 5a ,b,d-g). However, in the presence of 10 nM NAA, the distinction in the LR number/density in the different genotypes was lessened (Figure 5a, b, . It is clear that the difference in LR length between the OsMADS25-overexpression or -RNAi plants versus wild type was also reduced after adding NAA ( Figure 5b ). These observations strongly supported the hypothesis that OsMADS25 regulates LR formation in rice by changing the endogenous auxin levels.
OsMADS25 overexpression changes root auxin levels by regulating auxin biosynthesis, transport and degradation
The LRs observed on OsMADS25-overexpression andRNAi plants suggested that endogenous root auxin levels could be altered. Therefore, root samples from different rice genotypes were used to measure endogenous auxin content by HPLC-MS-MS analysis. As shown in Figure 6 (a), the content of free IAA was increased markedly in roots of OsMADS25-overexpressing plants, however free IAA levels were drastically reduced in RNAi plants compared with wild type. Cellular auxin accumulation is evidently determined by a combination of auxin biosynthesis, transport, and degradation/conjugation. To elucidate whether OsMADS25 affects auxin levels by regulating these four coordinated processes, we examined the mRNA levels of a number of auxin biosynthesis genes, such as OsYUCs, and polar auxin transport genes such as OsPINs and OsAUXs in the root. As expected, we found that expression of OsYUC1, OsYUC4, and OsYUC6 was greatly increased in the OsMADS25-overexpressing plants, whereas reduced in RNAi plants ( Figure 6b ). As to OsPINs and OsAUXs, mRNA levels of OsPIN1a, OsPIN1c, OsPIN9, OsAUX1, and OsAUX3 were found to be drastically increased in the OsMADS25-overexpressing plants and reduced in RNAi plants ( Figure 6c ). Additionally, investigation of genes involved in auxin degration or conjugation showed that mRNA levels of OsGH3-1, OsGH3-2, OsGH3-5, OsGH3-11, and OsGH3-13 were increased significantly in overexpression plants, but reduced in RNAi plants ( Figure 6d ). Other genes involved in auxin biosynthesis, transport, degradation, and conjugation did not show significant differences in mRNA levels ( Figure S8 ). To confirm the alteration in the auxin response, we compared the activities of polar auxin transport (PAT) in etiolated coleoptiles between transgenic lines and wild type. The results showed that PAT activity in RNAi coleoptiles was reduced to~30% of that in wild type; however PAT activity was approximately 40% higher in OsMADS25-overexpression lines compared with wild type (Figure 6e ). In addition, we also examined PAT activity in the presence of N-1-naphthylphthalamic acid (NPA), a PAT inhibitor. We found that, in the presence of 20 mM NPA, PAT activity in the overexpressing and wild type coleoptiles was drastically reduced. For RNAi coleoptiles, PAT activity was already low, and exongenous NPA caused little further reduction ( Figure 6e ). These data suggest that OsMADS25 might play a role in the maintainence of auxin homeostasis in vivo by regulating auxin accumulation in rice roots via a combination of auxin biosynthesis, transport, and degradation.
Genome-wide identification of the direct targets of OsMADS25 by ChIP-seq analysis
To identify the direct targets of OsMADS25 in vivo, we performed a genome-wide analysis of the pathway downstream of OsMADS25 by chromatin immunoprecipitation (ChIP)-seq analysis. An OsMADS25-FLAG fusion protein was used in the ChIP experiment, and OsMADS25-binding chromatin was immunoprecipitated using the FLAG antibody and sequenced (Figure 7a-c) . We used IgG as the negative control. By comparing the ChIP-seq data between the FLAG antibody and the control IgG, we detected OsMADS25-binding peaks, which were then assigned to the nearest genes. In this way, we retrieved 1145 genes as OsMADS25 potential targets (Table S2) , and these targets could be regulated directly by OsMADS25 or proteins that interact with OsMADS25 in vivo.
It has been proposed that peaks located within chromosomal regions 3 kb up from the transcription start site or downstream from the last exon, respectively, be assigned to upstream and downstream, and that peaks found farther upstream or downstream be assigned to the intergenic regions (Tsuda et al., 2014) . Based on this principle, OsMADS25 binds preferentially to intergenic regions (Figure 7b) . Indeed, 73.54% of the peaks were located in regions >3 kb from a gene, and 14.5% of the peaks were found within 3 kb of predicted coding regions (Figure 7b ). These results suggest that cis-acting elements for OsMADS25 binding are also present in distal regulatory regions.
OsMADS25 directly regulates transcription of OsIAA14
MADS-domain proteins typically bind to their cognate ciselement, the CArG-box (Huang et al., 1996; de Folter and Angenent, 2006) . There are three consensus sequences defined for the CArG-box: the perfect CArG-box (CCW 6 GG), the long CArG-box (CCW 7 G), and the short CArG-box (CCW 4 S 2 GG) (Muino et al., 2014) . To further determine the direct targets of OsMADS25, we analyzed the 1145 potential OsMADS25 targets identified by ChIP-seq analysis (Table S2) , and typical CArG cis-elements ( Figure 7c) were identified in the promoter regions of 147 targets (Table S3) , which could therefore be direct targets of OsMADS25. Among these, OsIAA14, an Aux/IAA transcriptional repressor in auxin signalling, was found to be a downstream target of OsMADS25. Analysis of the cis-elements showed that only one likely OsMADS25-binding CArG-box site (CTAAATATAG) is present at À2114 to À2104 bp upstream from the translation initiation site of OsIAA14 (Figure 7d ). To reveal whether OsMADS25 can bind directly to the CArG-box in the promoter region of OsIAA14 in vitro, we performed an electrophoretic mobility shift assay (EMSA) with an OsMADS25-His fusion protein.
As shown in Figure 7 (e) (lane 2), OsMADS25-His was able to bind directly to labelled DNA probe containing the CArG motif in the OsIAA14 promoter region. A competition assay using a 50-fold excess of the unlabelled probe as competitor, which outcompetes the labelled probe, showed that binding was highly specific (lane 3). In order to confirm the OsMADS25-binding sites, we next performed nucleotide site mutations for the 10-bp region of the CArG-box (underlined) and used several of the mutated fragments as probes in the EMSA. When the C and G nucleotides at both ends of the CArG motif (probe M1) were mutated, OsMADS25 binding was completely abolished (lane 4). However, when A and T nucleotides in the middle region of the CArG motif were mutated (probes M2 and M3), OsMADS25 binding was only partially prevented (lanes 5 and 6). Thus, the results of the EMSA experiments clearly showed that OsMADS25 binds to the CArG-box in the OsIAA14 promoter region, and the terminal C and G nucleotides in the CArG motif are essential for OsMADS25 binding.
To further establish the role of OsMADS25 in regulating OsIAA14 expression, we performed transient expression assays of the reporter GUS gene in leaves of Nicotiana benthamiana. The effector was OsMADS25 driven by the CaMV 35S promoter. The 625 bp OsIAA14 pro sequence that included the CArG-box cis-element was fused to the GUS (uidA) gene and used as the reporter (Figure 7f ). Plasmids carrying the reporter and effector genes were co-infiltrated into leaves of N. benthamiana. GUS activity measurements showed that OsMADS25 repressed expression of the GUS reporter gene driven by the OsIAA14 promoter (Figure 7g ). This result indicated that OsMADS25 can regulate expression of OsIAA14 by interacting with a cis-element present in the OsIAA14 promoter region.
Auxin signalling is activated via the auxin-induced proteasomal degradation of the Aux/IAA signalling repressors (Jing et al., 2015) , which allows de-repression of ARFs to then activate or repress expression of downstream target genes. OsIAA14 was shown to be expressed in the roots throughout the growth stage ( Figure S9 ). As expected, the relative abundance of OsIAA14-specific mRNA was found to be greatly reduced in roots of OsMADS25-overexpressing plants, but was increased significantly in RNAi roots (Figure 7h,i) . Moreover, OsIAA14 protein accumulation in RNAi roots was also considerably higher than in roots of wild type and OsMADS25-overexpressing plants (Figure 7j) . Thus, our results clearly demonstrated that OsMADS25 acts directly upstream of OsIAA14 to regulate LR development in rice via auxin signalling.
The effect of OsMADS25 on agronomic traits in rice plants
Plant architecture in OsMADS25-RNAi transgenic plants was conspicuously altered at maturity ( Figure S10a ). To further explore the effect of OsMADS25 expression on agronomic traits, we examined the tiller number, panicle length, first branch number, first branch length, seed-setting rate, and blighted grain rate in the transgenic versus wild type plants. As shown in Figure S10(b-i) , the agronomic traits in RNAi plants were severely affected compared with the same traits in wild type, but we found no significant differences between OsMADS25-overexpressing plants and wild type. Based on differences in the seed-setting rate and blighted grain rate between RNAi plants and wild type, we investigated flower organ development.
Normal florets were observed in the spikes of the transgenic plants. The anthers in OsMADS25-overexpression and wild type plants were yellow and plump (Figure 8a ). Conversely, the stamens in OsMADS25-RNAi plants produced white and shrunken anthers at the same stage of development ( Figure 8a ). We further observed the pollen development on day 3 and day 6 after flowering, respectively. Large numbers of abnormal pollen grains were observed in RNAi plants, as determined by staining with 1% I 2 -KI (Figure 8b ) . Mature pollens grain from wild type and OsMADS25-overexpression plants were black and spherical. However, pollen grains from RNAi plants at the same developmental stage were grey and shrivelled (Figure 8b) , and the frequency of normal pollen is also significantly reduced, compared with wild type (Figure 8c ). In addition, OsMADS25 also affected the seed germination in RNAi lines, which was clearly delayed compared with wild type and OsMADS25-overexpression lines, although almost of the seeds had germinated by day 5 (Figure 8d,e) . Collectively, our results implied that OsMADS25 expression is required for grain yield in rice. Whether the defects in pollen development as well as seed germination in RNAi plants is caused by OsMADS25 down-regulation, or the secondary effects caused by imperfect RSA, requires further in-depth study.
DISCUSSION
At present, the roles played by MADS-box transcription factors in plant root development are not well understood. Recently, OsMADS25, a member of the AGL17-clade homologues in rice, was reported to regulate root development through alteration of NO 3 À accumulation (Yu et al., 2015) . However, the underlying mechanism(s) through which OsMADS25 controls root development remain elusive. It is well established that the plant hormone auxin plays a key role in root development (Peret et al., 2009) . Therefore, it is highly significant to determine whether OsMADS25 regulates root development via the auxin signalling pathway. The transcription profile of OsMADS25 suggests that it could play a significant role in LR development in rice (Figure 1a) . Indeed, we have showed that OsMADS25 expression is important for PR elongation and LR formation, under either NO 3 À -rich or -free conditions (Figures 1-4) . In addition, our study also showed that up-or down-regulation of OsMADS25 transcription affects NO 3 À transporter gene expression ( Figure S11a ). More interestingly, NO 3 À accumulation in the root is positively related to exogenous auxin application ( Figure S11b ). Generally, our results supported the notion that NO 3 À acts as a signal to stimulate
OsMADS25 to control root system development, which is consistent with a previous report (Yu et al., 2015) . Based on the results that OsMADS25 controlling the root development under both N-rich and N-free conditions (Figures 1-4) , we then proposed that, besides NO 3 À signalling pathway, OsMADS25 is also involved in other signalling(s) to regulate LR development. Auxin is an important plant hormone that is essential for many aspects of growth and development, and its accumulation is a prerequisite for LR development (Benkova et al., 2003; Peret et al., 2009) . In this study, we showed that OsMADS25 appears to promote LR development by regulating auxin levels in the root. Firstly, OsMADS25 Definitions: Peaks found within 3 kb upstream from the transcription start sites or downstream from the last exon were assigned to upstream and downstream, respectively. Peaks found further upstream or downstream were assigned to the intergenic regions. Gene body is dissected into 5 0 -UTR, exonic, intronic and 3 0 -UTR regions; intergenic is anything outside the above regions. Asterisks indicate significant differences between the OsMADS25-overexpression or -RNAi transgenic lines and the WT plants (t-test, P < 0.05).
transcription was positively correlated with LR number (Figures 1-4) , a process that depends on auxin-mediated establishment (Himanen et al., 2002; Osmont et al., 2007; Nibau et al., 2008) . Secondly, exogenous auxin application rescued the phenotypes of abnormal LR formation in RNAi plants ( Figure 5 ). Finally, changes in root auxin levels in the OsMADS25-overexpressing and -RNAi lines were clearly confirmed by measurements of endogenous IAA content (Figure 6a) . Therefore, we hypothesize that OsMADS25 influences auxin homeostasis in the root by: (i) increasing PAT to the initiated LR primordia; and (ii) enhancing local auxin biosynthesis and reducing auxin degradation/conjugation in newly formed LR primordia. YUCs are evidently key auxin biosynthesis genes (Zhao et al., 2001) . Overexpression of YUCs leads to the overproduction of auxin, and yuc loss-of-function mutants display developmental defects in roots (Peret et al., 2009) . Influx and efflux transporters mediate PAT, which controls plant root development (Blilou et al., 2005; Peret et al., 2012) . AUX/LAX loss-of-function mutations lead to reduced LR formation by affecting LR initiation and/or emergence (Marchant et al., 2002; Swarup et al., 2008; Zhao et al., 2015) . As a group of early auxin-responsive genes, the GH3 family encodes IAA-amido synthetases that prevent free IAA accumulation, and in vivo or in vitro biochemical assays have confirmed that some members of the GH3 family in rice possess IAA-amido synthetase activity (Du et al., 2012; Zhao et al., 2013) . In our study, we found that OsMADS25 changed the transcription of OsYUCs, OsPINs/ OsAUXs, and OsGH3s (Figure 6b-d) , and this could be one of the reasons why auxin content altered (Figure 6a) . Therefore, our data strongly suggest that OsMADS25 regulates LR formation in rice by enhancing auxin accumulation in the root.
Auxin induces the ubiquitination of auxin signalling repressor Aux/IAA proteins, which then activates auxin signalling (Tan et al., 2007) . Indeed, we have provided evidence that OsMADS25 regulates LR formation by directly repressing the auxin signalling repressor OsIAA14 (Figure 7d-j) , which is the only auxin signalling component revealed by ChIP-seq assay (Table S3 ). Recent studies have identified numerous gain-of-function mutants in Aux/IAAs genes that inhibit LR initiation (Peret et al., 2009; Ni et al., 2011) . OsMADS25 repressed OsIAA14 expression by binding to its promoter directly (Figure 7d-i) , which could possibly activate auxin signalling to stimulate LR formation. Indeed, exogenous auxin application altered OsIAA14 expression pattern in OsMADS25 overexpression and RNAi lines, and OsMADS25 expression levels affected the relative auxin-inducibility of OsIAA14 (Figure S12 ), which might strengthen the functional importance of the regulatory relationship between OsMADS25 and OsIAA14. We found that OsIAA14 is expressed preferentially in the inflorescence at the heading stage ( Figure S9 ), which also could contribute to the abnormal anthers and pollen grains, and the defects in agronomic traits in OsMADS25-RNAi lines (Figures 8a-c and S10) . Notably, OsMADS25 also can be self-regulated, and EMSA showed that OsMADS25 binds to the CArG-box motif in its own promoter region to activate transcription (Figure 9a,b) . We also used a transient expression system along with GUS staining and activity measurement by agroinfiltration of N. benthamiana leaves to define the cis-element present in the promoter region (Figure 9c-e) . The results of these experiments further suggest that the positive regulation of OsMADS25 on its own transcription plays a critical role in root growth and development. Therefore, we can conclude from these results that OsMADS25 positively affects root auxin levels. Evidence from genetic and gene expression analyses implicates auxin signalling, in which OsMADS25 functions as a master switch to regulate transcription during root system development (Figure 10 ). In the presence of NO 3 À , OsMADS25 acts to increase auxin biosynthesis and transport and also to reduce auxin degradation by increasing expression of genes in these pathways, which then results in increased auxin levels in the root. Elevated auxin levels in the root elicit auxin signalling. Conversely, however, OsMADS25 directly represses transcription of the auxin signalling repressor OsIAA14, and this could represent a new layer of regulation to fine tune auxin signalling. To determine the exact molecular mechanism by which OsMADS25 regulates root development, the functions of OsIAA14 with respect to root development need to be explored in depth in future studies.
As an important signalling molecule, environmental NO 3 À was found to alter auxin distribution through its effects on polar transport (Krouk, 2016) . OsNAR2.1 has no known NO 3 À transporter activity, but it is nevertheless required to complement high-affinity NO 3 À transport . Knockdown of OsNAR2.1 expression limited NO 3 À uptake and also supressed LR formation by decreasing auxin transport from the shoot to the roots ; this finding suggests that there is an overlap between the auxin and NO 3 À signalling pathways. Actually, the interaction between NO 3 À signalling and auxin transport has been established by the observation that NO 3 À transporters can also transport auxin. The NRT1.1-dependent repression of LR primordia emergence when NO 3 À availability is low is also explained by the auxin transport activity of NRT1.1 (Krouk et al., 2010) . Recently, these two signalling pathways have been further linked by the demonstration that NRT1.1 phosphorylation plays a critical role in NO 3 À signalling and NO 3 À -dependent auxin transport, and that phosphorylation of NRT1.1 at residue Thr 101 in response to low NO 3 À concentrations enables the protein to transport auxin (Bouguyon et al., 2015) . The nature of the NO 3 À /auxin signalling interaction has been examined in detail by analysis of the crystal structure of the NRT1.1 protein (Parker and Newstead, 2014; Sun et al., 2014) . In our study, we found that OsMADS25 promotes root branching by enhancing auxin accumulation and by initiating auxin signalling in response to NO 3 À (Figures 1-6 ). We also found that exogenous NAA application enhanced NO 3 À accumulation in the roots in an OsMADS25-dependent manner (Figure S11b) . Our results suggest a mechanism by which OsMADS25 acts to link the NO 3 À and auxin signalling pathways. Notably, ABA also has a critical function in LR development, acting as an inhibitor during the post-emergence stage of LR development (Signora et al., 2001; De Smet et al., 2003; Ding and De Smet, 2013) . LRs of the ABA insensitive (abi) mutants were found to have less sensitivity to inhibition by high NO 3 À concentrations, and plants of the ABA synthesis mutant aba produce longer LRs, suggesting that inhibition of LR growth caused by high NO 3 À concentrations is required for both ABA accumulation and signalling (Signora et al., 2001; Vidal et al., 2010) . The evidence for ABA accumulation and ABA signalling in response to NO 3 À is indirect. However, recent evidence has
shown that ABA accumulation in root tips is stimulated by high concentrations of NO 3 À , and that the ABA is released from the stored inactive form through the action of ER-localized b-glucosidase1 (BG1), resulting in inhibition of root growth (Ondzighi-Assoume et al., 2016) . We observed that OsMADS25 expression was changed in response to ABA ( Figure S1d) , and this suggests that OsMADS25 regulation of LR development, in response to NO 3 À , could be associated with the ABA signalling pathway. To reveal the underlying mechanism, further investigations are needed to define the relationship between OsMADS25 and NO 3 À transporters, and how OsMADS25 acts in the NO 3 À , IAA, and ABA signalling networks to regulate root development in rice plants.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The japonica rice (Oryza sativa L) variety 'Nipponbare' was used as the wild type for physiological experiments and genetic transformation in this study. For phenotypic observations, surface-sterilized rice seeds were germinated on half-strength Murashige and Skoog (½MS) medium (Murashige and Skoog, 1962) . Seedlings were then cultivated in a growth chamber or greenhouse at 30°C with a 12-h photoperiod and a light intensity of 300 lmol photons m À2 sec À1 .
Rhizotron experiment
A rhizotron experiment was performed as described previously (Schmidt et al., 2011) , with minor modifications. Rhizotrons (polymethyl methacrylate containers) with a volume of 2250 cm 3 (25 cm 9 30 cm 9 3 cm) were used in this study. The rhizotrons were filled with a mixture of vermiculite and nutritious soil (1:1), and germinated seeds were grown in the rhizotrons (1 seed/rhizotron). The inclination angle of rhizotron was adjusted to~45°in a greenhouse at 30°C, and they were watered with either 10 mM or 0.2 mM KNO 3 on day 10. Images from the rhizotron experiment were analyzed using the EZ-RHIZO/software analysis platform to get an overview of rice RSA (Armengaud et al., 2009 ).
Effects of phytohormone and abiotic stress treatments on OsMADS25 transcription
Phytohormone and abiotic stress treatments were applied as described previously (Puig et al., 2013) . For the phytohormone treatments, seedlings were grown on standard ½MS medium for 10 days and then transferred to ½MS medium containing either 50 lM ABA, 20 lM indole acetic acid (IAA), 200 mM NaCl, 100 mM mannitol, or 20% PEG6000. Control seedlings were grown in standard ½MS medium under the same conditions. For the effect of NO 3 À supply on the expression of OsMADS25, seeds were grown in solid ½MS medium without KNO 3 and NH 4 NO 3 for 7 days. KNO 3 was then added to the medium at a final concentration of 5 mM. To test the effect of NO 3 À starvation on the expression of OsMADS25, seeds were sown on standand ½MS medium and the seedlings were allowed to grow for 7 days. The seedlings were then transferred to ½MS medium without KNO 3 and NH 4 NO 3 . Roots were collected from the control and the treatments, and the abundance of OsMADS25-specific mRNA was evaluated.
Generation of OsMADS25-overexpression and -RNAi silencing transgenic rice lines
To make the OsMADS25-overexpression construct, the full-length OsMADS25 cDNA (accession number: AK102927) was amplified and cloned downstream of the 35S promoter in pCAMBIA1301. For the RNAi gene silencing construct, a 359-bp fragment that included part of the last exon and extended into the 3 0 -untranslated region was amplified by PCR and cloned into the pENTR/D-TOPO vector (Invitrogen) to give the entry clone pENTR/ OsMADS25. The final RNA silencing vector, OsMADS25-RNAi, was generated by a clonase reaction (Invitrogen) between pENTR/ OsMADS25 and the vector pANDA (Miki and Shimamoto, 2004) . Transformants were produced by Agrobacterium-mediated transformation of rice calli (Hiei et al., 1994) . Regenerated transgenic rice plants were grown in a greenhouse. T 2 -generation progeny seeds were harvested for use in this study. PCR primer sequences are given in Table S1 .
Morphological characterization and quantification of root system traits Root morphology was examined in seedlings grown on ½MS agar medium with or without NO 3 À . To quantify root system traits, we measured the lengths of PRs and ARs with a ruler. All visible LRs originating from PRs and ARs were measured. AR length was calculated as the average of the three longest adventitious roots (Yan et al., 2014) . Thirty biological replicates were performed for each analysis.
RNA extraction and quantitative real-time PCR
Total RNA that was extracted from different rice tissues using TRIzol reagent was reverse-transcribed into first-strand cDNA. Quantitative real-time PCR analysis of the targeted genes was then performed, using the rice b-actin gene as the internal control. Primer sequences for quantitative real-time PCR analysis are given in Table S1 . Three replicate experiments were performed for each analysis.
N-free medium and NO 3
À content measurement N-free medium (containing no NH 4 NO 3 or KNO 3 ) was made from standard ½MS medium by replacing 10 mM KNO 3 and 10 mM NH 4 NO 3 with 10 mM KCl. To investigate the responses of OsMADS25 transgenic lines to N-free or N-rich medium (standard ½MS medium), rice seedlings were grown on either N-free or Nrich medium and cultured in a growth chamber at 30°C. NO 3 À content measurement was performed using the method previously described (Yan et al., 2014) .
Determination of IAA content and measurement of polar auxin transport activity IAA content measurements were performed on a high performance liquid chromatography tandem mass spectrometer (HPLC-MS-MS) instrument (AB Sciex QTRAP â 6500; Agilent Technologies) according to the protocol (You et al., 2016) . Samples of resh root tissue (300 mg) from 10-day-old seedlings grown on ½MS medium were collected and used for IAA content measurement. The PAT assay was performed as described previously (Huang 
Vector construction
The OsMADS25-Flag fusion expression vector for transformation was constructed by amplifying the full-length coding sequence of OsMADS25 using primers containing the FLAG sequence and cloning the amplified fragment into pCAMBIA1301 under control of the 35S promoter. To obtain the OsMADS25 recombinant protein, the OsMADS25 coding sequence was inserted into the pET32a expression vector, transformed into Escherichia coli DE3 (BL21) cells, and the recombinant protein was purified using a His antibody (Sigma) for the EMSA. To obtain the anti-OsIAA14 polyclonal antibody, the complete OsIAA14 coding sequence (accession number: AK059619.1) was cloned into pET32a. The purified anti-OsIAA14 polyclonal antibody was used in western blotting. We used pGreenII cloning vectors to construct transient expression vectors (Hellens et al., 2005) . The OsMADS25coding sequence was inserted into pGreenII 62-SK to act as the effector. For reporter gene construction, pGreenII 0800-LUC was modified by substituting the LUC gene with the GUS gene to generate pGreenII 0800-GUS. The OsIAA14 promoter sequence was amplified and cloned into pGreenII 0800-GUS to act as the reporter. PCR primers used in vector construction are given in Table S1 .
Chromatin immunoprecipitation and sequencing (ChIP-seq)
For chromatin immunoprecipitation (ChIP), transgenic rice plants expressing the OsMADS25-FLAG fusion protein were generated by genetic transformation. ChIP experiments were performed following the method of . Fresh root samples from 2-week-old OsMADS25-FLAG transgenic rice seedlings were collected for ChIP analysis with the monoclonal anti-FLAG antibody (ab125243; Abcam, Shanghai, China). The immune complexes were collected, purified and sequenced. All sequencing reads from both the OsMADS25-Flag (+) and OsMADS25-Flag (À) plants were mapped, and the regions enriched in OsMADS25-Flag (+) relative to OsMADS25-Flag (À) were identified. Motif analyses were performed on the sequences of the binding regions. ChIP-seq data analyis was performed by the Beijing Genomics Institute (BGI). Primer sequences used in ChIP-seq are shown in Table S1 .
Electrophoretic mobility shift assays (EMSA)
EMSA was performed following a modified protocol (Ma et al., 2009) . Briefly, oligonucleotide probes containing the CArG motifs were end-labelled using the Biotin 3 0 -End DNA Labelling Kit (Thermo Scientific). In competition assays, the unlabelled probe was added to the reactions. EMSA was performed using the Lighshift Chemiluminescent EMSA kit (Thermo Scientific). Probe sequences are given in Table S1 .
Transient expression and GUS activity assay in Nicotiana benthamiana
Transient expression assays were performed in leaves of 4-weekold N. benthamiana plants according to a modified method described recently (Nanjareddy et al., 2016) . Briefly, the plasmids were introduced into Agrobacterium tumefaciens EHA105 cells by transformation. Cultures were grown and diluted to an OD 600 of 0.5-0.7, and 10 ll L À1 Tween 20 and 100 lM acetosyringone were then added. N. benthamiana leaves were immersed in the Agrobacterium culture and sonicated for~5 min, followed by vacuum infiltration. Vacuum infiltration was performed for 20-25 min with two or three breaks. The N. benthamiana leaves were then incubated in the Agrobacterium culture in the dark for 48-60 h. Histochemical activity and quantitative measurement of GUS activity in the N. benthamiana leaves were performed as previously described (Jung et al., 2008) .
Pollen viability assay
Evaluation of pollen grain viability was performed as previously described (Shi et al., 2015) . Anthers from mature spikelets were crushed and stained in 1% I 2 -KI solution for~5 min, and then observed and photographed under a light microscope using bright-field illumination. The frequency of darkly stained pollen grains was determined from at least 10 plants of every line.
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